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The growth and differentiation of
the plant epidermis poses an
interesting developmental
problem: how do you generate a
uniform distribution of specialised
cell types, such as stomatal pore
complexes, in a sea of cells which
are constantly dividing in
response to both developmental
and environmental stimuli?
Studies of stomatal pore complex
development have revealed
simple rules for ensuring optimum
spacing whilst allowing adaptation
to different cell division patterns
[1,2]. During protodermal
proliferation, a subset of cells
makes a developmental switch to
give stomatal lineages. These so-
called meristemoid mother cells
undergo asymmetric divisions to
give small triangular
meristemoids, whilst their
neighbours continue to divide
symmetrically and generate
pavement cells (the basic building
blocks of the plant epidermis). 
Meristemoids usually undergo a
further one to three rounds of
asymmetric division, depending
on where and when they arose
during development. Each division
generates a meristemoid and a
larger daughter cell with
meristemoid mother cell
competence — the ability to
divide asymmetrically and
generate a secondary stomatal
complex. In the mature organ the
larger products of asymmetric
division differentiate with
pavement cell characteristics. In
contrast, meristemoids eventually
undergo a second developmental
switch to give so called guard
mother cells which divide once
more, this time symmetrically, to
give the two guard cells of the
stomatal pore (Figure 1A).
During this process, the
orientation of asymmetric
divisions and the timing of the
meristemoid–guard mother cell
switch are regulated by pre-
existing stomata so that
differentiated stomatal pores are
almost always separated by at
least one pavement-like cell and
very rarely touch each other. This
so-called one cell rule, and the
relatively even spacing of cells
taking the meristemoid mother
cell pathway earlier in
development, indicate that the
exchange of positional
information from cell to cell plays
an important role in organising
stomatal distribution.
Three loci have been identified
which play critical roles in
repressing stomatal development
and implementing the one cell
rule: STOMATAL DENSITY AND
DISTRIBUTION1 (SDD1), which
encodes a putative subtilisin-
related extracellular protease [3];
TOO MANY MOUTHS (TMM),
which encodes a leucine rich
repeat (LRR) containing receptor-
like protein [2,4]; and YODA (YDA),
which encodes a mitogen
activated protein (MAP) kinase
kinase kinase [5]. Loss-of
function-mutations in these genes
cause increased stomatal index
and stomatal clusters. From the
results of genetic studies, models
have been proposed in which a
receptor complex composed of
TMM and an unidentified
receptor-like kinase is activated
on perception of a ligand either
modified or generated by the
activity of SDD1. YDA was
proposed to act in a MAP kinase
cascade controlled by the activity
of the TMM–receptor-like kinase
complex, although this had not
been conclusively demonstrated
[5,6] (Figure 1B).
In an intriguing new twist to this
tale, Shpak and colleagues [7]
have uncovered new roles in
stomatal development for the
three members of the ERECTA
class of LRR receptor-like kinase
encoding loci: ERECTA (ER),
ERECTA-LIKE1 (ERL1) and
ERECTA-LIKE2 (ERL2). Previous
studies [8,9] showed that these
three genes work together
redundantly in promoting
proliferative cell divisions in the
cortex. Loss-of-function of all
three genes leads to a dramatic
reduction in plant and organ size,
and defects in the differentiation
of floral organs. The new study [7]
has revealed an additional
phenotype for the triple mutant:
increased stomatal index and the
production of high density
stomatal clusters. This is
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Plant Development: Spacing out
Stomatal Pores
How do plants generate the optimal spacing of stomatal pores on their
surfaces to prevent excessive water loss, whilst allowing efficient gas
exchange? New research into the ERECTA family of receptor-like
kinases has provided an important link in the cell–cell signalling
pathways controlling this process.
reminiscent of the tmm1
phenotype in leaves, indicating a
role for ERECTA-class genes in
repressing stomatal development.




interactions between the three
genes, with ER acting
predominantly during the early
pavement (proliferative division)
versus meristemoid mother cell
(asymmetric division) switch.
ERL1 and ERL2 both act early,
together with ER, and later to
maintain the division activity of
meristemoids and prevent them
from differentiating into guard
mother cells (Figure 1A).
The big question revolves
around the interaction between
TMM and the ER-class loci. Could
Shpak and colleagues [7] have
found the proposed missing
LRR–receptor-like kinase? The
short answer is probably yes. The
stomatal phenotypes of ER-class
mutants are uniform in different
organs. In contrast, TMM appears
to act slightly differently in leaves,
where loss of function gives
stomatal clusters, and stems,
where loss of function gives a
total absence of stomata. In
stems, TMM function in the
meristemoid mother cell transition
is epistatic to that of ER and
ERL2, but only partially epistatic
to ERL1. Together, however, the
three ER-class genes are epistatic
to TMM. In leaves TMM is
required for the meristemoid-to-
guard mother cells switch in the
absence of ER and ERL2, but not
in the absence of all three ER-
class genes. The dependence of
TMM epistasis on the presence of
a functional ERL1 indicates that
TMM acts by interfering with the
role of the ER gene class, and
especially ERL1, in repressing
both the switch to meristemoid
mother cell fate (in stems) and the
meristemoid to guard mother cell
switch (Figure 1A).
The complex genetic relations
between TMM and ER, ERL1 and
ERL2 undermine the simple
signalling model previously
proposed. TMM is an RLP and
thus lacks a cytoplasmic
signalling (kinase) domain. One
possibility proposed by Shpak et
al. [7] is that TMM functions by
forming heterodimers with ERL1.
This could occur upon binding of
an SDD1-generated ligand,
preventing ERL1 from forming
functional signalling complexes
and interrupting the synergistic
interactions between the ER class
proteins that promote cell
proliferation and negatively
regulate stomatal development [8]
(Figure 1A,B). Such an interaction
would tether control of ERECTA
class signalling during the
protoderm-meristemoid mother
cell switch and the meristemoid-
guard mother cell switch to local
positional signals (Figure 1A).
Alternatively, Shpak et al. [7]
propose that TMM could affect
ERECTA protein class signalling
by titrating away ligand.
Heterodimerisation between
receptor-like proteins and
receptor-like kinases has been




maintenance [10], and between
the S-locus receptor kinase (SRK)
and an SRK-like extracellular
protein SLG during self-pollen
rejection in Brassica [11]. In both
cases, the association is thought
to favour rather than inhibit
signalling. Investigating the
molecular mechanisms basis for
TMM function will elucidate
whether TMM represents a first
example of negative regulation of
a receptor-like kinase by a
receptor-like protein. Further
genetic analysis of the
relationships of the ER-class
genes with SDD1 and with the
MAP kinase kinase kinase
encoding YDA should provide
exciting insights into both
stomatal patterning and ERECTA
signalling in its broader context.
The very fact that TMM
functions by deviating or adapting
ER-class signalling, which has
previously been shown to have a
general role in regulating cell




(A) A simplified schematic
representation of stomatal
development (modified
from [7]). In wild-type
development most proto-
derm cells (Pr) undergo
proliferative cell divisions
to form pavement cells




moid mother cells (MMC).
These divide asymmetri-
cally to give meristemoids
(M). Meristemoids can
either undergo proliferative
cell divisions to give a
stomatal lineage ground
cell (SLGC) and another
meristemoid, or can
become guard mother cells
(GMC). Guard mother cells
divide once, symmetrically
to give the guard cells (GC)
of the stomatal pore. The
points at which ER-class
genes and TMM control
these processes are indi-
cated. Red T-bars show inhibitory effects and black arrows show positive regulation.
(B) A possible model for the molecular basis of interaction between TMM and the ER-
class genes. In the green cell (left) TMM is either not present, or is unable to associate
with ERL1, possibly due to lack of an SDD1-generated ligand. Synergistic interactions
between ER, ERL1 and ERL2 promote proliferative cell division (P), possibly via the YDA
MAP-kinase cascade, although this remains to be investigated. During the switch to
meristemoid mother cell or guard mother cell fate (orange) TMM associates with ERL1,
possibly due to binding of the SDD-1 generated ligand, interrupting the synergistic
interactions of the ER-class proteins and promoting stomatal development (S). Whether






























The RE-1 silencing transcription
factor or neuron-restrictive
silencer factor (REST/NRSF) was
first described in 1995 [1,2] and,
over the intervening decade, many
studies have gradually elucidated
the biological mechanisms and
physiological importance of this
zinc finger transcription factor.
This work has shown that
REST/NRSF not only maintains
transcriptional silencing of a range
of neuronal genes in differentiated
non-neuronal cells, but also has
key roles during early lineage
commitment in neurogenesis and
in mediating transcriptional
responses associated with neural
plasticity. In addition, REST/NRSF
dysfunction has been implicated
in diverse diseases ranging from
Down's syndrome to
cardiomyopathy and cancer,
emphasising its importance as a
master regulator of normal gene
expression programs.
REST/NRSF was initially
identified as a transcriptional
repressor of the stathmin SCG10
[2] and the type II sodium channel
[1], but was subsequently shown
to regulate many neuronal genes.
REST/NRSF recognises neuron-
restrictive silencing element
(NRSE) motifs within the control
regions of these genes through its
zinc finger domain and recruits
multiple co-factors via two
repression domains, one at the
amino terminus and one at the
carboxyl terminus. These co-
factors alter chromatin structure
and regulate transcription through
histone deacetylation [3],
chromatin remodelling [4] and
methylation [5] (Figure 1).
Simplistically, the lack of
REST/NRSF in mature neurons
decondenses chromatin, thereby
relieving neuronal gene
repression. However, two recent
papers [6,7] now show that loss of
REST/NRSF is key to two
processes that are superficially at
odds — the terminal
differentiation of post-mitotic





development, the corollary to
which is that their deregulation in
cancer often activates aberrant
foetal-like transcription patterns.
Whilst advances in understanding
REST/NRSF function have largely
emerged from the neurobiology
field, REST/NRSF also regulates a
cardiac foetal gene expression
program and reactivates this
program in cardiac dysfunction
[8]. REST/NRSF was first linked
with specific cancers five years
ago from studies in
medulloblastoma [9],
neuroblastoma [10] and small cell
lung cancer [11]. A role in
tumorigenesis now seems more
likely to be widely recognised,
division, at a local, cell specific
level is important. This represents
an economical mechanism for
harnessing a globally important
signalling pathway to control
tissue specific developmental
switches and is reminiscent—
conceptually, though not
mechanistically—of the reiterative
use of important signalling
pathways during animal
development. With 173 RLPs
similar to at least twenty
subfamilies of receptor-like
kinases predicted in the
Arabidopsis genome [12], it is
possible that regulation of many
receptor-like kinases by similar
mechanisms lies waiting to be
discovered. This study therefore
also establishes control of
ERECTA signalling during
stomatal development as an
excellent system with which to
investigate a potentially crucial
and largely plant-specific
mechanism for the regulation of
receptor-like kinase signalling.
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Transcriptional Regulation:
Cancer, Neurons and the REST
REST/NRSF was first identified as a transcriptional repressor of
neuronal genes in non-neuronal cells. Recent studies have now
revealed seemingly paradoxical roles for REST/NRSF in neurogenesis,
neural plasticity, tumour suppression and cancer progression.
